On the basis of density functional theory, stability and electronic structure of nitrogen-vacancy (NV) centers in surface modified diamond have been studied. Surface decoration is traditionally expected to only have influence on those NV centers close to the surface. However, our calculations indicate that its effect to charged NV centers is nondecaying and long-range, where the formation energy of the charged NV center converges to a value typically different for different types of surface decoration. Such a nondecaying long range effect is due to the electrostatic potential shift induced by the surface dipole layer, and it leads to the preference of NV − center for oxygen saturated diamond and NV 0 for hydrogenated one. Our work demonstrates that surface functionalization can be used to modify the relative stabilities of differently charged defects in nonmetallic materials.
On the basis of density functional theory, stability and electronic structure of nitrogen-vacancy (NV) centers in surface modified diamond have been studied. Surface decoration is traditionally expected to only have influence on those NV centers close to the surface. However, our calculations indicate that its effect to charged NV centers is nondecaying and long-range, where the formation energy of the charged NV center converges to a value typically different for different types of surface decoration. Such a nondecaying long range effect is due to the electrostatic potential shift induced by the surface dipole layer, and it leads to the preference of NV − center for oxygen saturated diamond and NV 0 for hydrogenated one. Our work demonstrates that surface functionalization can be used to modify the relative stabilities of differently charged defects in nonmetallic materials. Nitrogen-vacancy (NV) centers in diamond have received considerable research interest recently, due to their interesting magnetic and optical properties. Various experimental studies, including electron spin resonance, 1 Rabi oscillations, 2 and single-photon source, 3, 4 have been performed on this system. An individual NV center can be used as a qubit, with potential applications in quantum communication 5 and quantum computation. 6, 7 Two-qubit operations 8, 9 have been demonstrated based on NV centers. Magnetometry 10, 11 is also a possible application of NV center.
An NV center is consist of a vacancy with one adjacent carbon atom replaced by a nitrogen atom. [12] [13] [14] It mainly has two charge states, the neutral NV 0 and negative NV − . 15 They can be discriminated by photoluminescence spectroscopy, and it is also possible to interconvert each other via laser excitation. 16 The NV 0 has an unpair electron and is paramagnetic, while NV − has an S = 1 ground state. In high-purity diamond, the NV − state dominates. Since different charge states lead to different magnetic properties, it is very desirable to control the charge state of NV centers.
Recently, it has been observed that NV − becomes unstable and tends to be converted into NV 0 close to diamond surfaces 17 and in nanodiamonds. 18 More interestingly, stable NV − centers can be converted to NV 0 when changing the surface termination from oxygen to hydrogen in single crystal diamond. [19] [20] [21] Such a conversion is demonstrated for centers created by ion implantation and annealing in high-purity diamond through selective oxidation. 17 All these experiments demonstrate that surface decoration has an important effect on the relative stabilities of the two NV charge states. Unfortunately, few studies have been focused on the underlying mechanism of the defect stability. 19, 21, 22 a) Author to whom correspondence should be addressed. Electronic mail:
jlyang@ustc.edu.cn.
In the present work, we compare the formation energies of different charge states. Our calculations predict a relative stability change due to different surface functionalizations, which is fully consistent with previous experimental observations. More importantly, we not only show that surface decoration can change chemical environment for those NV centers close to the surface via band bending, 23 but also find that the surface dipole layer induced by polarized chemical bonds on the surfaces has a long range nondecaying impact on the stability of charged NV − centers. With the increasing of doping depth, the formation energy of a charged NV − center will converge to a value typically different for different types of surface decorations. Our results provide a facile way to control defect charge states by surface functionalization.
Diamond (100) surface is the most technologically important and the slowest growing surface in chemicalvapor deposition growth of diamond. 24, 25 The diamond (111) surface is metallic due to the famous Pandey-chain reconstruction. 26, 27 Therefore, it is not conducive to preserve magnetic and fluorescent properties of the NV centers in diamond. Diamond (100) surfaces are considered in this work, including clean (C), hydrogenated (H), ether oxygenated (O), and hydroxylated (OH) surfaces (
The diamond supercell used in this study has a lattice constant of 10.09 Å in both X and Y directions and 40.00 Å in the Z direction with a vacuum layer to form a surface slab model. Both top and bottom surfaces of a slab are decorated by the same functional groups. The slab model for ether oxygenated (100) surface is shown in Fig. 1(c) , where there are 15 C-C bond layers in the Z direction. An NV center occupies a C-C bond, with the vacancy closer to the top surface. The NV center doped diamond with different surfaces is denoted as C100_X_i, where X = C, H, O, OH represent different surface functionalization types, and i represents the doping depth measured by the index of corresponding C-C bond layer. It is worth to mention that, if the vacancy were doped in the third C-C bond layer, the carbon dangling bonds in NV center may be exposed to the air, which would make the NV center unstable and sometimes reconstructed. Therefore, we only consider doping depth larger than 3. First-principles calculations are based on the density functional theory (DFT) implemented in the SIESTA 28 package. The local spin density approximation 29 is chosen due to its good description of electronic and magnetic properties of the NV centers in diamond on the ground state. [30] [31] [32] Test calculations under the generalized gradient approximation of Perdew, Burke, and Ernzerhof 33 give similar results. All the elements (H, C, N, and O) have a double zeta plus polarization orbital basis to describe the valence electrons within the framework of a linear combination of numerical atomic orbitals. 34 The surface Brillouin zone is sampled with a 4 × 4 regular mesh. Atomic coordinates are relaxed using the conjugate gradient algorithm 35 until the energy and force are less than 10 −4 eV and 0.02 eV/Å, respectively.
As a benchmark, we have calculated the electronic and magnetic properties of NV centers in bulk diamond (3×3 ×3 supercell), which fully agree with previous theoretical calculations. 13, 30 Both NV 0 and NV − centers in diamond are spin-polarized ( Fig. 2 ) with magnetic moments of 1.0 and 2.0 μB, respectively. Three carbon atoms and one nitrogen atom around the vacancy center take a tetrahedral configuration, leading to four states, two fully symmetric a 1 states (one of them lies deep in the valence band of diamond), and two doubly degenerated e x and e y states in the NV − center. These two degenerate states are split in NV 0 due to the Jahn-Teller effect. 31 In order to evaluate the stability of NV centers doped in diamond with different surfaces, their formation energy [36] [37] [38] [39] is defined as
where E pure and E doped represent the diamond total energy before and after the doping of an NV center with a charge First, we have checked atomic structures and electronic properties of different diamond surfaces, which are in good agreement with previous theoretical calculations. 40 On the clean diamond (100) surface, two neighboring carbon atoms will form a double-bonded dimer, which introduces occupied π and unoccupied π * states into the fundamental bandgap of diamond. The hydrogenated diamond (100) surface is the most stable one under normal conditions. Surface hydrogen will remove the π and π * states, which makes the whole system semiconducting with a wide bandgap. The ether-like configuration is the most stable oxygenated diamond (100) surface, with a C-O-C bridge on the surface. It is semiconducting with a narrow bandgap similar to clean diamond (100) surface. Hydroxylated (100) surface is also semiconducting with a wide bandgap similar to the hydrogenated surface.
When NV centers are formed close to a surface, surface decoration can significantly change their stability. The formation energy strongly depends on the doping depths. We can expect a largely modified formation energy for NV centers close to the surface. And the formation energy is expected to converge to bulk value with the increase of doping depth. This is what we observed for NV 0 centers, as shown in Fig. 3(a) . When the doping depth increases to 6, the formation energy is already same for all surfaces and converges to the bulk value (the dashed line in Fig. 3(a) ). For a same surface, NV centers prefer to form close to the surface, as also suggested previously. 17, 18 Interestingly, the situation is different for NV − centers. Although we can still see a convergence of formation energy with doping depth, it converges to different values for different surfaces. Therefore, surface functionalization has a strong effect on stability of NV − centers. As shown in Fig. 3(b) , the 
where k is the Boltzmann constant and T is the temperature. In Fig. 3(c) , we plot E versus doping depth. The most important character of E is that it does not depend on doping depth for a specific surface, which means that the different behavior of NV − compared to NV 0 is caused by a nondecaying long-range effect. Such an effect is different for different surfaces. The ether oxygenated surface is the most conducive for NV − formation, followed by the clean surface. On the contrary, the hydrogenated surface is unfavorable to form NV − centers. Although it is negative for bulk doping, E already becomes positive with a relatively large absolute value. Therefore, there will be a [NV − ]/[NV 0 ] ratio inversion as observed experimentally. 19 We note that the surface which greatly enhances the stability of NV − is functionalized by electron acceptor groups (oxygen atoms), while the surface which reduces the NV − stability is a p-type surface covered by hydrogen. Therefore, charge-transfer is expected to make an important role. Chemical interaction between NV center and surface functional groups may affect the defect stability. However, such an interaction is not expected to be long-ranged. In experiment, 41, 42 the effect of surface chemical modification on the NV charge state is at least in depth of hundreds of nanometers.
Since diamond is a wide-gap insulator, charge transfer will be localized at surface layer. Therefore, functional groups on diamond surface will induce a surface electric dipole layer. 23, 24 As shown in Fig. 4 (a), a dipole layer will then gen- erate an electric potential jump
where p and ε represent the electric dipole moment per unit area on the surfaces and the dielectric constant, respectively. Such a constant potential jump will shift the energy bands accordingly, via a band bending close to the surface (Fig. 4(b) ). Therefore, a surface dipole layer is ready to provide a longranged effect on stability of defects with charges on it. That is why the formation energy of NV 0 converges to the bulk value for all surfaces, while the NV − formation energy converges to different values for different surfaces. We emphasize that this long-range effect revealed here is intrinsically different from those 1/r decayed Coulomb interaction. Here, the effect in principle does not decay with distance, which provides a versatile means for defect charge state engineering.
A simple model with only the polarized bonds on the surfaces 23 considered can be used to estimate the strength of the surface dipole layer. Based on experimental bond dipole and computationally optimized surface geometry, 43, 44 contribution of C − center in diamond. The mechanism discovered here can be universally applied to a variety of systems with charged defects, for example, color centers in solids. 45 An important system is siliconvacancy color center in diamond, 12, 46 which has a potential to be used as single photon sources. At the same time, this technique can be extended beyond surface chemical modification. Although decorated surface is an ideal model system to study such a long-ranged effect, as a chemical method, it is not very convenient for applications. We emphasize that any method which generates surface electric dipole layer can be used to control the charge state of defects. For example, surface propagating plasmon 47 can be used as a facile way to generate surface dipole layer. Compare to chemical functionalization, a big advantage of using electric method to generate a dipole layer is that it can tune the defect stability reversibly.
We have also checked the band structures of NV centers in diamond with different surface modifications (Fig. 5) . Energy shift of diamond-originated bands due to surface modification is clearly seen, consistent with results in formation energy calculations. For hydrogenated and hydroxylated diamond surfaces, the intrinsic nature of NV centers is well kept, and the defect states shift along with diamond bands. For clean and ether oxygenated surfaces, there are some surface bands in the gap, which overlap with the NV defect states. In summary, we have investigated the electronic structure of NV centers in diamond affected by chemical surface modifications based on DFT calculations. We find that surface decoration can exhibit long-ranged control of the charge state of NV centers. Different chemical surface modifications strongly affect on the stability of NV − , but weakly on the NV 0 . The formation energy of NV − can be decreased when electron acceptors exist on the surface, which forms an n-type surface with robust electric dipole layer. The potential jump caused by surface dipole layer is the reason for long-ranged effect on NV − stability. Results presented here provide a versatile method to control stabilities of charged defect states.
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